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The attenuation of ultrasound (the geometric resonance) in an intermediate state of the 
type I superconductors at kaN >> 1 is researched. The oscillating dependence of ultrasound at-
tenuation, which has an amplitude modulation as a result of presence of the Andreev reflec-
tions by the electronic excitations on the boundaries between the normal metal layer and the 
superconducting layer in an intermediate state of the type I superconductor, is obtained. The 
derived theoretical equation explains the nature of experimental results in [1, 2]. 
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Introduction 
 
The research interest to the study on the ultrasonic 
signal attenuation in an intermediate state of type I su-
perconductors is stipulated by the fact that this is the 
only method, which allows to obtain the experimental 
information on the internal structure of the intermediate 
state of type I superconductors at external magnetic 
fields. The electronic excitations in the normal metal 
layers mainly interact with the ultrasonic wave in an 
intermediate state of type I superconductors. These elec-
tronic excitations have a distinctive feature, which is 
represented by a special mechanism of the electronic 
excitations reflection on the normal metal – supercon-
ductor boundaries in an intermediate state of type I su-
perconductors as it was shown by Andreev in [3]. Going 
from the Andreev dynamics of electronic excitations in 
an intermediate state of type I superconductors, the 
theoretical researches on the propagation of ultrasonic 
wave in an intermediate state of type I superconductors 
were completed [4-9]. In [4], the mechanism of ultra-
sound attenuation, connected with the vibration of the 
boundaries between the phases, was discovered. This 
mechanism was subsequently applied to research the 
case of the threads like structure in an intermediate state 
of type I superconductors [5]. In 1967, Andreev first 
forecasted the phenomena of oscillating attenuation of 
ultrasonic wave [6], and made the appropriate calcula-
tions by solving the kinetic equation with the applica-
tion of the Fourier transform components, using the 
inverse value with the double thickness of normal metal 
layer. At ka N∼1  and l ,  D>aN  , the periodicity of ultra-
sound attenuation in the dependence on aN was found, 
where a N  is the thickness of normal metal layer, l is the 
electron mean free path and D  is the diameter of elec-
tronic excitations orbit in the critical magnetic field Hc. 
The influence by the magnetic quantization on the ultra-
sound attenuation [7, 8] and the features of ultrasonic 
waves propagation in the case of their tilted falling on 
the intermediate state structure in type I superconductors 
[9] were also considered. 
 
Geometric resonance in intermediate 
state of type I superconductors 
 
The propagation of longitudinal ultrasonic wave in 
an intermediate state of type I superconductors is theo-
retically analyzed in the frames of a simple model of the 
closed Fermi surface with the two points of rotation on 
the extreme cross-section, assuming that the following 
expressions are true l>D>aN>>λ , where λ is the wa-
velength of ultrasonic signal. The ultrasonic wave with 
the wave vector k propagates across the system of alter-
nating normal metal and superconducting layers toward 
the direction of the axe X. The critical magnetic field Hc 
is oriented toward the direction of the axe Z. The sepa-
ration boundary between the normal metal phase and the 
superconducting phase (N-S boundary) lies in the plane 
YZ. 
The kinetic equation in the field of deformation of 
ultrasonic wave ,0 exp( kr )ik iku u i i tω= −  can be writ-
ten in the normal metal layer as [10, 11] 
1
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ψω ν ψ ∂− + + = Λ∂     (1) 
where Ψ  can be found from 00 ff f ψε
∂= − ∂  (f0  and f 
are the equilibrium and nonequilibrium functions of the 
electrons distribution) [11]. In eq. (1), in the view of the 
fact that the sound velocity is small in comparison with 
the electron velocity v, let us disregard the time deriva-
tive of Ψ ,  which is proportional to the ω. Let us search 
for the solution of the eq. (1) in the normal metal layer 
as shown in eq. (2) 
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Let us note that, in the system of coordinates, con-
nected with the electronic excitation ( )iku ω−kv ∼  at 
kv >> ω, the expression ( ) ( ) 0v vψ ψ+ − = is true at the 
change of sign v→−v  on the N-S boundary, which is 
required to satisfy the Andreev boundary conditions. 
Taking to the account the relation k ⊥ H and the 
presence of the periodicity in the selected geometry 
ik ikuΛ  in the relation to the period of rotation of elec-
tronic excitation in an intermediate state of type I super-
conductor in magnetic field, the expression for the coef-
ficient of ultrasound attenuation in an intermediate state 
of type I superconductor in magnetic field, which is 
formally analogous to the expression for the coefficient 
of ultrasound attenuation in normal metal, can written as 
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where A is the coefficient, which depends on the physi-
cal properties of the propagation medium and the fre-
quency of ultrasonic signal [10, 11], 
( ) ( ) 1/2'
( )kv
ik
l ik l
l
uγ = Λ   , the lower index in the brackets 
provides an information on the selected turn point from 
the two considered turn points in which kv(1),(2)=0, 
where the magnitudes of corresponding parameters have 
to be taken for the calculation. In an intermediate state 
of the type I superconductors, the ultrasound attenuation 
coefficient Γ(X(1)) occurs to be dependent on the posi-
tion at the electronic excitation’s orbit at the axe X, that 
is on the coordinates of the turn point X1.  
Let us divide the integral under the sign of sinus in 
the expression for an oscillating part of ultrasound sig-
nal attenuation on a sum of integrals with the limits set 
at the subsequently fixed times of collisions by an elec-
tronic excitation with the N-S boundaries as 
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Taking to the consideration that the integral 
( 2)
(1)
t
t
dt kD=∫ kv , let us calculate the integral 
( 2 )
(1)
t
t
dt kd=∫ kv  , where d is the certain effective diame-
ter of the trajectory by an electronic excitation, intro-
duced in an analogy with the normal metal as shown in 
Fig. 1. 
 
 
 
Fig. 1. Trajectory by electronic excitation in type I superconductor in magnetic field: 
a) Trajectory by electronic excitation in normal metal layer in type I superconductor in magnetic field;  
b) Trajectories by electronic excitation in an intermediate state in type I superconductor in magnetic field, when 
there are two reflections by electronic excitation between turn points 1 and 2. Distance between 1 and 2 along axe X 
is equal to d and it does not depend on position of point 1; 
c) Trajectories by electronic excitation in an intermediate state in type I superconductor in magnetic field, when 
there is one reflection by electronic excitation between turn points of 1 and 2. Distance between point 1 and point 2 
along axe X is equal to d and it depends on position of point 1, d ≠ d′. 
Thin vertical lines denote planes with equal phases of ultrasonic wave. 
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In the case of an even number of the reflections by 
an electronic excitation on the N-S boundaries between 
the turn points, the certain effective diameter d of trajec-
tory by an electronic excitation is equal to 
 
( ){ }( 1) 1 2l Nd l a D= − + − ,   (4) 
where 
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a
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, and […] is the whole part of the 
expression in the brackets ([x] = −1, if −1≤x<0). The 
graph with the dependence, characterizing the certain 
effective diameter d of the trajectory by an electronic 
excitation as a function of D/2aN such as 
2 N
Dd f
a
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, which is shown in Fig. 2. 
 
 
 
Fig. 2. Dependence of distance d between turn points 
along axe X at even number of reflections by electronic 
excitations on relation D/2aN. 
 
In the case of an uneven number of the reflections 
by an electronic excitation on the N-S boundaries be-
tween the turn points, the certain effective diameter d of 
the trajectory by an electronic excitation will be 
represented as a partly linear function of X1 with the 
measurements limits from −aN  up to a N , and the sort of 
this dependence is not significant in this case. 
The calculation of the average coefficient of ultra-
sound attenuation Γ  can be done by the averaging of 
an oscillating part of ultrasound attenuation ( )(1)XΓ at 
kaN>>1 as in the following expression 
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In view of the fact that a number of reflections by an 
electronic excitation is a function of X(1) at the given a N  
and D, therefore the integral in the numerator decom-
poses into the two integrals, including the orbits with an 
even numbers of reflections and an odd number of ref-
lections. The coefficient of ultrasound attenuation 
( )evenΓ does not depend on the X(1), and the problem 
reduces to the calculation of the integral 
( )(1)
0
Na
dX even∫ , which is equal to Na d− . The coeffi-
cient of ultrasound attenuation ( )oddΓ  is a fast oscil-
lating function of the X(1) with the alternating sign, 
which converges to the zero. Thus, the average coeffi-
cient of ultrasound attenuation can be described by the 
modulated function ( )N
N
a d
even
a
−Γ = Γ . Let us 
write the expression for the d  
( ) ( )( )11 1 1 22n n Nd D m a⎛ ⎞⎧ ⎫= − − + − −⎨ ⎬⎜ ⎟⎩ ⎭⎝ ⎠ ,  (5) 
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The oscillating part of the coefficient of ultrasound 
signal attenuation in an intermediate state of type I su-
perconductor is 
( ). sin 4NCnorm metal N
a d
H kd
a
πη − ⎛ ⎞Γ ∆Γ ±⎜ ⎟⎝ ⎠
 ∼  (6) 
 
where ( ). Cnorm metal H∆Γ  is the amplitude of the oscil-
lations of the geometrical resonance in the normal metal 
at the critical magnetic field Hc, η is the concentration 
of the normal metal phase. It is visible in eq. (6) that the 
number of oscillations of ultrasound attenuation at the 
one period of modulation is equal to the double thick-
ness of normal metal layer 2a N , expressed in the units 
of ultrasonic signal wavelength, that is 2a N=nλ  , where 
n is the number of oscillations during the one period of 
modulated ultrasonic signal. In the case, when Dاa N , 
the results can be written as in the expression for the 
normal metal d→D , (a N− |d| ) /a N→1 , and the concen-
tration dependence of amplitude of oscillations remains 
in eq. (6). This concentration dependence of amplitude 
of oscillations of ultrasound attenuation can be used for 
the precise evaluation of the concentration of the normal 
metal phase in an intermediate state of the type I super-
conductors. 
 
Conclusion 
 
The theoretical research on the attenuation of ultra-
sound (the geometric resonance) in an intermediate state 
of the type I superconductors at kaN >> 1 is completed. 
The equation to describe the oscillating dependence of 
ultrasound attenuation, which is modulated by the am-
plitude, because of the presence of the Andreev reflec-
tions by the electronic excitations on the normal metal – 
superconductor (N-S) boundaries in an intermediate 
state of the type I superconductor, is derived. The com-
pleted comparison of the theoretical results with the 
experimental data shows that the obtained formula (6) 
perfectly describes the complex periodicity of experi-
mentally observed dependences [1, 2]. Let note that, in 
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an agreement with the formula (6), the thickness of a 
layer with the normal metal phase changes from 10-2cm 
to 10-3cm, depending on the magnitude of applied exter-
nal magnetic field in an intermediate state of the type I 
superconductor. The detailed quantitative comparison of 
the theoretical results with the experimental outcomes 
[1, 2] will be conducted in the next research paper. 
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